An intense study of the alpha decay properties of the isotopes of superheavy element Z=113 have been performed within the Coulomb and proximity potential model for deformed nuclei (CPPMDN) within the wide range 255 ≤ A ≤ 314. The predicted alpha decay half lives of 278 113 and 282 113 and the alpha half lives of their decay products are in good agreement with the experimental data. 6α chains and 4α chains predicted respectively for 278 113 and 282 113 are in agreement with the experimental observation. Our study shows that the isotopes in the mass range 278 ≤ A ≤ 286 will survive fission and can be synthesized and detected in the laboratory via alpha decay. In our study, we have predicted 6α chains from 279 113, 4α chains from 286 113, 3α chains from 280,281,283 113, 2α chains from 284 113 and 1α chain from 285 113. We hope that these predictions will be a guideline for future experimental investigations.
Introduction
Superheavy nuclei (SHN) and their decay studies is one of the fast developing fields in nuclear physics. Significant theoretical and experimental investigations have been made in the region of superheavy nuclei in predicting the existence of magic island or island of stability [1] [2] [3] [4] [5] . Recently the isotopes of many superheavy elements have been synthesized successfully through hot fusion reactions [6] , performed at JINR, FLNR (Dubna) and cold fusion reactions [7] , performed at GSI (Darmstadt, Germany). The concept of cold fusion was proposed in 1970s and realized experimentally in 1980s. In cold fusion reaction the heaviest superheavy element so far synthesized is the isotope of Z =113 ( 278 113) by Morita et al. in 2004 [8] and the synthesis of 278 113 is confirmed in 2012 [9] . This has been recently accepted by IUPAC and IUPAP [10] .
One of the fundamental questions in nuclear physics is about the number of possible elements that can be found in nature or that can be produced in the laboratory. Two different approaches, that is, the hot fusion approach and the cold fusion approach were used recently to extend the periodic table. The elements with Z = 107-112 were synthesized using the cold fusion approach. Attempts to synthesize heavier elements via cold fusion were unsuccessful because of the limited beam time of accelerators for superheavy nuclei beyond Z = 112. First attempt to synthesize the element Z=113 by cold fusion reaction was done at velocity filter SHIP at GSI, Darmstadt. Three experimental runs were performed altogether in the period 1998-2003, without observing a single decay chain starting from an isotope of the element Z=113. Morita et al. [8] started the experiments to synthesize the element Z=113 at the gas filled separator GARIS, RIKEN, using 209 Bi ( 70 Zn, n) reaction, in September 5, 2003 and the first decay chain of the element had been observed in 2004, which was interpreted to start from 278 113. In 2007, Oganessian et al. [11] were successful in producing the element 282 113 by hot fusion reaction, using 48 Ca projectile on actinide target 237 Np, at the Flerov Laboratory of Nuclear Reaction (FLNR) of Joint Institute of Nuclear Research (JINR), Russia and its alpha chains has been observed. odd A parents, Shi and Swiatecki [72] get ν empirically, unrealistic values as 10 22 and 10 20 , respectively.
The interacting potential barrier for two spherical nuclei is given by
Here 1 Z and Z 2 are the atomic numbers of the daughter and emitted cluster, 'r' is the distance between fragment centres, 'z' is the distance between the near surfaces of the fragments, l represents the angular momentum and µ the reduced mass. P V is the proximity potential given by Blocki et al. , [73, 74] as, 2 (3) Here N, Z and A represent the neutron, proton and mass number of the parent and Φ represents the universal proximity potential [74] 
For R i , we use semi-empirical formula in terms of mass number A i as [73]
The potential for the internal part (overlap region) of the barrier is given as,
fm and C L 2 0 = fm, the diameter of the parent nuclei. The constants 0 a and n are determined by the smooth matching of the two potentials at the touching point.
Using the one dimensional Wentzel-Kramers-Brillouin approximation, the barrier penetrability P is given as
Here the mass parameter is replaced by
where m is the nucleon mass and A 1 , A 2 are the mass numbers of daughter and emitted cluster respectively. The turning points "a" and "b" are determined from the equation, V (a) = V (b) = Q. The above integral can be evaluated numerically or analytically, and the half life time is given by
ω ν represent the number of assaults on the barrier per second and λ the decay constant. E v, the empirical vibration energy is given as [75] ( )
Classically, the α particle is assumed to move back and forth in the nucleus and the usual way of determining the assault frequency is through the expression given by
where R is the radius of the parent nuclei. As the alpha particle has wave properties, a quantum mechanical treatment is more accurate. Thus, assuming that the alpha particle vibrates in a harmonic oscillator potential with a frequency ω, which depends on the vibration energy v E , we can identify this frequency as the assault frequency ν given in equations (10) and (11) .
The Coulomb interaction between the two deformed and oriented nuclei with higher multipole deformation included [76, 77] is taken from Ref. [78] and is given as,
Here α i is the angle between the radius vector and symmetry axis of the i th nuclei (see Fig.1 of Ref [76] ) and it is to be noted that the quadrupole interaction term proportional to 22 21 β β , is neglected because of its short-range character. The proximity potential and the double folding potential can be considered as the two variants of the nuclear interaction [79, 38] . In the description of interaction between two fragments, the latter is found to be more effective. The proximity potential of Blocki et al., [73, 74] , which describes the interaction between two pure spherically symmetric fragments, has one term based on the first approximation of the folding procedure and the two-term proximity potential of Baltz et al., (equation (11) of [80] ) includes the second component as the second approximation of the more accurate folding procedure. The authors have shown that the twoterm proximity potential is in excellent agreement with the folding model for heavy ion reaction, not only in shape but also in absolute magnitude (see figure 3 of [80] ). The two-term proximity potential for interaction between a deformed and spherical nucleus is given by Baltz et al., [80] (14) where θ is the angle between the symmetry axis of the deformed nuclei and the line joining the centers of the two interacting nuclei, and α corresponds to the angle between the radius vector and symmetry axis of the nuclei (see Fig. 5 of Ref [80] ). ) (
are the principal radii of curvature of the daughter nuclei, C R is the radius of the spherical cluster, S is the distance between the surfaces along the straight line connecting the fragments, and ) ( 0 S ε and ) ( 1 S ε are the one dimensional slab-on-slab function. The barrier penetrability of α particle in a deformed nucleus is different in different directions. The averaging of penetrability over different directions is done using the equation
is the penetrability of α particle in the direction θ from the symmetry axis for axially symmetric deformed nuclei.
Results and discussion
Studies on the decay properties of superheavy nuclei provide information on their existence and stability in nature. The investigations on the half lives of different radioactive decay play a significant role in determining the properties of superheavy nuclei. The dominant decay modes of superheavy nuclei involve alpha decay and spontaneous fission. Several theoretical models are available for calculating the alpha decay half lives as well as spontaneous fission half lives. It is seen that those nuclei with small alpha decay half lives than the spontaneous fission half lives survive fission and thus can be detected in laboratories via alpha decay.
Alpha Decay Half lives
In the present study the alpha half lives of the isotopes of SHN with Z = 113 have been studied within the range 255≤ A ≤314 using CPPMDN and the present values are then compared with those calculated by means of CPPM [60] , Viola-Seaborg semiempirical (VSS) relationship [81] , The Universal (UNIV) curve of Poenaru et al. [82, 83] and the analytical formula of Royer [84] .
The alpha decay is characterised by the energy release Q α and the corresponding life time T α . In alpha transitions, Q value is the energy released between the ground state energy levels of the parent nuclei and ground state energy levels of the daughter nuclei and is given as, (16) which is positive for a given decay. Here ∆M p , ∆M d , ∆M α are the mass excess of the parent, daughter and alpha particle respectively. In order to calculate the Q value, the mass excesses are taken from Ref [85, 86] . The electron screening correction [87] have been included by the term k(Z p ε -Z d ε ), where k = 8.7eV , ε =2.517 for Z ≥ 60 and k = 13.6eV, ε = 2.408 for Z < 60. The quadrupole (β 2 ) and hexadecapole (β 4 ) deformation values of the parent and daughter nuclei have been used for the calculation of alpha half lives and the deformation values taken from Ref. [88] are used for the calculation.
The well known Viola-Seaborg semi-empirical Relationship (VSS) formula for calculating the alpha decay half lives is given by,
Here the half life is in seconds and the Q value is in MeV. Z is the atomic number of the parent nucleus, a, b, c, d, h log are adjustable parameters. The quantity h log gives the hindrance of alpha decay for the nuclei with odd proton and odd neutron numbers [81] . Instead of using the original set of constants given by Viola and Seaborg [81] , more recent values determined by Sobiczewski et al. [89] For calculating the decay half lives several simple and effective relationships are available, which are obtained by fitting experimental data. Among them one of the important relationship is the UNIV curves [90] [91] [92] [93] , derived by extending a fission theory to larger mass asymmetry. Based on the quantum mechanical tunnelling process, the relationship [94, 95] of the disintegration constant λ, valid in both fission like and α-like theories, and the partial decay half life T of the parent nucleus is given as,
Here ν, S and P S are three model dependent quantities. ν is the frequency of assaults on the barrier per second, S is the pre-formation probability of the cluster at the nuclear surface (equal to the probability of the internal part of the barrier in a fission theory [90, 91] ), and P S is the quantum penetrability of the external potential barrier.
By using the decimal logarithm equation (18) 
To derive the universal formula, the basic assumptions were that ν = constant and S depends only on the mass number of emitted particle A e [91, 94] . It was shown by a macroscopic calculation of pre-formation probability [96] of many clusters from 8 Be to 46 Ar that, A e depends only upon the size of the cluster. Using a fit with experimental data for α decay, the corresponding numerical values [91] had been obtained: s α = 0.0143153, ν = 10 22.01 s -1 . The additive constant for even-even nuclei is given as, 16917 . 
fm. To calculate the released energy Q, the liquid drop model radius constant r 0 = 1.2249 fm and the mass tables [85, 86] are used.
Geiger and Nuttal [97] formulated the earliest law for the alpha decay half lives. Several expressions [81, 89, 98, 99] were advanced subsequently. Royer [84] 
Here A and Z are the mass and charge numbers of the parent nuclei and Q α is the energy released during the reaction. 
For a subset of 50 odd-odd nuclei the RMS deviation was found to be 0. 35 
Spontaneous fission half lives
The spontaneous fission (SF) half-lives of various nuclei can be calculated by using the semi-empirical relation given by Xu et al [100] . The equation was originally made to fit the even-even nuclei and is given as,
Here the constants C 0 = -195.09227, C 1 = 3.10156, C 2 = -0.04386, C 3 = 1.4030 x 10 -6 and C 4 = -0.03199. In the present work we have considered only the odd mass (i.e odd-even and odd-odd nuclei) nuclei. So instead of taking spontaneous fission half lives directly, we have taken the average of spontaneous fission half lives of corresponding neighboring even-even nuclei. In the case of odd-even nuclei, we took the av sf T of two neighboring even-even nuclei and while dealing with odd-odd nuclei, the av sf T of four neighboring even-even nuclei was taken.
Attempts to synthesize the superheavy element Z=113 started as early as 2003. The isotope 278 113 was produced through 207 Np+ 70 Zn reaction with six consecutive alpha chains [9] . The 282 113 nuclide was synthesized through 237 Np+ 48 Ca fusion reaction and consequently its alpha decay chains were observed [101] . Various isotopes of the element Z=113 namely 283 113 and 284 113 have been observed in the decay chains of isotopes of Z=115 and the isotopes 285 113, 286 113 have been observed in the decay chains of isotopes of Z=117 [102] . In the present paper we compare the alpha decay half lives and spontaneous fission half lives of various isotopes of Z=113 in order to find the mode of decay of these nuclides, concentrating mainly on the recently synthesized 278, 282 113 isotopes and then theses were compared with experimental data. The comparison of spontaneous fission half lives and alpha decay half lives calculated within our model and the predictions on the decay chains are given in Table  1 . The comparison of the present values with other theoretical models is also shown.
In Table 1 the first column denotes the parent and daughter nuclei. Column 2 gives experimental Q values of these isotopes taken from Ref [9, 101] . The spontaneous fission half lives of the isotopes under study evaluated using the phenomenological formula of Xu et al. is given in column 3. Experimental alpha decay half lives obtained from [9, 101] are arranged in column 4. Column 5 shows the alpha decay half lives of these isotopes calculated using CPPMDN formalism. The alpha half life calculations using CPPM are given in column 6. In CPPMDN the nucleus-nucleus interaction potential is calculated using equation (14), while in CPPM (spherical case) the potential is calculated using equation (2). On comparing the alpha decay half lives calculated within both these formalisms we can see that the alpha half lives decrease with the inclusion of deformation values. Within our fission model the pre-formation probability, S [103, 104] can be calculated as the penetrability of the internal part (overlap region) of the barrier given as
here, a is the inner turning point and is defined as
represents the touching configuration. The VSS, analytical formula of Royer and UNIV have also been used for determining the alpha decay half lives and are given in columns 7, 8 and 9 respectively. The last column represents the mode of decay of isotopes under study. From the table, it is clear that, by comparing the SF half lives with the alpha decay half lives we can predict a 6α chains from the isotope 278 113, which agrees well with the experimental observation. Experimentally it was shown that after the 6 th α chain, the isotope 254 Md shows electron capture (b ε = 100%) [105] and thereafter the daughter isotope 254 Fm will undergo alpha decay. The same result has been predicted within CPPMDN. In the case of 282 113, it can be clearly seen that the alpha decay half lives computed within CPPMDN closely agrees with the experimental values. By comparing the SF half lives calculated using the semiempirical relation given by Xu et al. with the alpha decay half lives we can predict α chains from the isotope, but for a more accurate prediction on the decay mode, we have used the values given by Smolanczuk et al. [106, 107] , in which the spontaneous fission half lives of even-even nuclei with Z=104-114 has analyzed in a multidimensional deformation space, in a dynamical approach without any adjustable parameters. Using these values, the average spontaneous fission half lives were calculated, and on comparing the alpha decay half lives with the corresponding spontaneous fission half lives we can predict 4α chains for the isotope 282 113, which matches very well with the experimental result. So by using our formalism, even though there is a one order difference in alpha decay half lives for some of the isotopes under study, the predictions on the alpha decay half lives and decay modes of the experimentally synthesized 278 113 and 282 113 go hand in hand with the experimental results. Thus we extended our work to predict the alpha decay half lives and mode of decay of 58 more isotopes of Z = 113, ranging from 255 ≤ A ≤ 314. Figures 1-15 represents the entire work. We have plotted log 10 T 1/2 against the mass number of the parent nuclei. All the calculations done within the various theoretical models are shown. It is to be noted that the decay half lives evaluated by using VSS formula, UNIV and the analytical formula of Royer match well with our theoretical calculations. Figure 1-3 shows the plot of log 10 T 1/2 versus mass number for the parent nuclei [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] [266] 113 and their decay products. By comparing the alpha decay half lives with the corresponding spontaneous fission half lives, it can be clearly seen that none of these isotopes will survive fission. In figure 4 , the plots of isotopes 267-270 113 are shown. We can see that the isotopes 267-269 113 will not survive fission, whereas the isotope 270 113 will survive fission and shows full alpha chain within CPPMDN. Figures 5 and 6 , shows the plot for the isotopes [271] [272] [273] [274] [275] [276] [277] [278] 113, which include the experimentally synthesized SHN 278 113. It is clear from the figure that all these isotopes will survive fission and show full alpha chain within CPPMDN. But in the case of 278 113, it was seen that after the 6 th chain the daughter isotope, 254 Md, undergoes electron capture. Even though the isotopes 270-277 113 decay by emitting alpha particles, they are hard to detect in laboratory because of their small decay times (for e.g., Figure 8 depicts the decay properties of isotopes 283-286 113. From the figure it is clear that the isotopes 283-285 113 will survive fission and 3α, 2α and 1α chains can be predicted respectively from the isotopes 283 113, 284 113 and 285 113. These isotopes can be detected in laboratory through alpha decay because of their longer alpha half lives. It is to be noted that our theoretical predictions on the alpha decay half lives and decay modes of the nuclei 283 113 and 284 113 matches well with the experimental values of these isotopes, which were obtained as the decay products of 288 115 and 287 115 respectively [108] , and the comparison between experimental and theoretical results are given in detail in Table 1 of our previous work Ref [61] . Similarly the isotopes 285 113 and 286 113 were observed as the decay products of the isotopes 293 117 and 294 117 isotopes respectively [23] . It is seen that the alpha decay half lives calculated within CPPMDN is in good agreement with the experimental results. In the case of 286 113, for a better matching with experimental decay modes, we have adopted the spontaneous fission values given in [106, 107] . 4α chains can be predicted from the isotope by comparing the alpha decay half lives with the spontaneous fission half lives and it is evident that the predictions on the decay modes of the isotope is same as the experimental results. The comparison between experimental and theoretical values of alpha decay half lives and decay modes are given in Table 1 of Ref [63] . Figures 9-15 represents the plots for the isotopes 287 ≤A ≤ 314. We can see that none of these isotopes will survive fission and it is hard to observe them in laboratories. Thus the nuclei within the range 278 ≤ A ≤ 286 were found to have relatively long alpha decay half-lives and can be detected in laboratory. These predictions are included in Table II and Table III . Table II shows the comparison of the spontaneous fission half lives with the alpha decay half lives for the nuclei [279] [280] [281] 283, 284 113 and Table III shows the same for 285,286 113 nuclei. We have also included the predictions on the decay modes of these isotopes within CPPMDN, which will be helpful in future experimental investigations. The pictorial representation of alpha decay chains of predicted isotopes are shown in figure  16 .
We hope that our present study, which predicts the mode of decay of various isotopes of Z = 113 within a wide range 255 ≤ A ≤ 314, by comparing the alpha decay half lives and the corresponding spontaneous fission half lives of respective isotopes, may open up new lines in experimental investigations.
Conclusion
In the present paper we have shown the theoretical predictions on the alpha decay half lives of various isotopes of the element Z = 113, within the Coulomb and proximity potential for the deformed nuclei (CPPMDN). We could successfully reproduce the alpha half lives and decay chains for the experimentally synthesized isotopes 278 113 and 282 113. Hence an extensive study has been done for predicting the alpha decay half lives and decay chains of all the other isotopes in this region. Through our study we understood that isotopes of Z = 113 within the range 278 ≤ A ≤ 286 will survive fission and can be synthesized and detected in laboratories. We have predicted 6α chains from 279 113, 3α chains from 280, 281, 283 113, 2α chain from 284 113, 1α chain from 285 113 and 4α chains from 286 113. We hope that these predictions will be a guideline for the future experimental investigations. Mass number of the parent nuclei Mass number of the parent nuclei 
